I. D. CONACHER
Thoracic anaesthesia is now established in a third age. The first age related to surgery for infective conditions, predominantly tuberculosis, the second was defined by surgery for bronchogenic cancer and the third is surgery for respiratory failure. The anaesthetic imperatives of this latest age are epitomized by emphysema, with some variants treated with lung transplantation and, recently, surgery for the oxymoron, lung volume reduction.
Small areas of emphysematous changes are common in the general population, occasionally resulting in pneumothoraces; a significant number of these patients require surgical intervention. The presence of large cystic areas or bullae, and bilateral, widespread diffuse areas of enlarged air spaces distal to terminal bronchioles 32 are much rarer and their management fraught with risk. Until the advent of lung volume reduction surgery, the anaesthetic literature was sparse, with mostly case reports and series involving small numbers. Personal experience of managing cases with moderate to severe respiratory failure, as a result of end-stage emphysematous disease, serves as an illustrative framework (table 1) and has much to teach about the dangers, how anaesthesia may contribute to morbidity and mortality, and where risks can be reduced.
An early specimen of emphysema, purportedly the lung of Dr Samuel Johnson, is illustrated in Mathew Baillie's The Morbid Anatomy of Some of the Most Important Parts of the Human Body (London, Bulmer, 1812). 47 Laennec 42 described the clinical condition of dyspnoea, cyanosis, dry cough, over-inflated chest, cardiac hypertrophy and quiet respiratory sounds on auscultation. He recognized the continuum from the small areas of enlarged air cells, illustrated in his book, to the giant cyst or bulla. He foresaw pathognomonic features now so often seen on chest x-rays and CT scans, 74 noting that: "When this disease occupies only one side, or exists much more in one lung than the other, this side is evidently enlarged, and the intercostal spaces wider...........and instead of its natural compressed shape it (the chest) (Br. J. Anaesth. 1997; 79: 530-538). exhibits an almost rounded or globular outline". 42 John Snow 22 had an interest in the condition and recorded its occurrence in some of his patients. A particular danger of anaesthesia was noted 100 yr later: "A dangerous state of affairs may exist in the rare case of a cyst, usually large, of the lung, communicating with a bronchus. The communication is often valvular so that on inflation the cyst is distended without reduction in size during deflation. Compression of the surrounding lung occurs. If the condition is unsuspected by the anaesthetist, the more energetic his attempts at resuscitation by inflation, the more the lungs are collapsed by increasing distension of the cyst. Rapid asphyxia and death of the patient results unless the chest is quickly opened and the lungs allowed to expand". 51 This classic description of the "breath stacking" and "pulmonary tamponade" effect of positive pressure ventilation and of over enthusiastic resuscitation is as true today as it was 40 yr ago. However, opening the chest rapidly would not be regarded as a modern first aid measure, although if occurring on induction of anaesthesia such a manoeuvre may be considered. 5 Deliberate decompression of bullae with intercostal drains remains an option, particularly to pre-empt the development of tension pneumothorax during anaesthesia.
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Surgery of bullae and diffuse emphysema
There are occasional reports of operations being conducted for bullae before the Second World War 31 but it was only when manifestations were gross that surgery was an option. Belcher described 90 patients with large bullae on whom he had operated since the early 1950s. 2 There was a 12% operative mortality rate and at follow-up, in some cases 10 yr after surgery, 35% had died but more than 50% had demonstrably improved. Hugh-Jones, Ritchie 44 have had their advocates. 1 19 57 In the latter, a forerunner of minimal access surgical techniques, the reported operative mortality rate was 6.5%. Recently, laser and videoscopic technology have been used to ablate small bullae. 84 In 1959, Brantigan, Mueller and Kress 6 reported on the surgical management of diffuse emphysema but a high mortality (18%) 68 dissuaded many from surgical options until the advent of transplantation. For generalized conditions, such as ␣ 1 -antitrypsin deficiency, single lung transplantation was used, initially with little success, 83 but with advances in transplantation, single, 14 37 double 66 and heart-lung transplants 5 are all now practised with satisfactory results. From the experience has come the realization that some of the benefit is mechanical rather than physiological. The smaller functional residual capacity (FRC) of the transplant enables chest wall and diaphragm dynamics to improve so that function is more efficient. This is the basis of a resurgence in interest in early surgical options for diffuse bullous emphysema, such as lung volume reduction, which uses techniques and lessons from transplantation, new technologies (lasers and thoracoscopes), and modern suturing, stapling and buttressing materials. 16 24 75 The original premise was that reducing lung volume would improve elastic recoil and exercise circumferential traction on small airways, reducing the propensity for air trapping. 6 The main reason for success is improved airflow 17 and more efficient chest wall and diaphragm mechanics, as suggested originally. 6 But other factors that may be relevant are recruitment of alveoli compressed by bullae and improvement in ventilation-perfusion matching resulting from reduced pulmonary vascular resistance, improved right ventricular performance and greater venous return consequent on reduction of mean intrathoracic pressure. 71 88 There is evidence that improvement is rapid, within hours of surgery. 80 lung which is due course collapsed. A bulla in the right lung began to expand and mediastinal shift to the left occurred. A double-lumen tracheal tube was inserted. Asynchronous independent lung ventilation was started with resolution of some of the problems of the right lung but an increase in the left-sided air leak. Progressive circulatory and organ deterioration occurred culminating in the patient's death. Case No. 1 illustrates the effects of induction of anaesthesia in instituting unnatural pressures and forces that can lead to haemodynamic collapse, volutrauma and barotrauma. Air from alveolar rupture tracked in a malignant manner, in the same way that was demonstrated more than 50 yr ago 46 and more recently reported in patients undergoing artificial ventilation and with adult respiratory distress syndrome. 86 Case No. 2 also illustrates the problems of applying supranormal airway pressures to damaged lung weakened by surgery, the longer term problems of providing adequate analgesia for the self-ventilating patient and the consequences of prolonged air leak. The latter is the main cause of postoperative morbidity 57 and predisposes to infection, marasmus and multiple organ failure.
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Hard lessons of experience
Anaesthetic assessment
The anaesthetist should be aware that postoperative progress is an ordeal, particularly if air leaks develop. For patients to maintain self-ventilation for as long as possible implies that effort must be sustained at considerable expense to energy reserves. Adequate nutritional status, with implementation of enteral and parenteral supplementation if necessary, to reduce the cachectic state of many sufferers of emphysema is seen as an important part of the rehabilitation programmes to which many institutions subject potential lung transplant recipients and those undergoing lung volume reduction. 7 Non-invasive assessment of right ventricular function 18 is important as pulmonary vascular resistance almost certainly increases during anaesthesia, application of positive pressure ventilation and commencement of one-lung ventilation. 59 60 The quality of lung that is to function for gas exchange is paramount. Bullae, even "giant" in nature, may constitute little hazard as the affected lung can be isolated and routine one-lung ventilation conducted (case No. 3, fig. 1 ) on the contralateral one. But, as it is now common, particularly for diffuse disease, to operate on both lungs 4 15 35 (case No. 4) it is necessary to examine both lung fields from the perspective of having to alternate the lung to be used for gas exchange, ventilation and anaesthesia during surgery. One concomitant risk factor is obstructive airways disease. 77 The presence of widely dispersed non-homogeneous and diffuse pathology is particularly hazardous as each cystic area functions differently, has different pressure-volume and time constants, and different resistance to positive pressure generated by externally applied positive pressure or auto-generated by gas trapping. 26 27 40 64 73 78 Most of the relevant information for predicting the patient at high risk can be obtained from the chest x-ray, CT scan of the chest and ventilation-perfusion scans. 49 These investigations aid decisions to the most suitable method of achieving one-lung ventilation and whether or not selective bronchial blocking is likely to be of value. Assessing the state of the non-bullous lung fields is regarded as important to define the population most likely to benefit from radical surgery; for this, regional pulmonary function tests, such as dynamic ventilation volume using 133 Xe washout studies, 56 are recommended.
From the anaesthetic perspective, classification of bullae, traditionally 17 or according to surgical criteria, 84 is of little value as all types and sizes are prone to gas trapping phenomena. There is more value in a concept of clinically pathophysiological sub-groupings such as those friable enough to rupture and precipitate a tension pneumothorax before the chest is open, and those in which the feeding bronchus is dysfunctional and acts as a valve which precipitates hyperinflation after opening. The latter has subsets (a PEEP-dangerous subgroup and a PEEP-therapeutic subgroup) where an artificial expiratory resistance (PEEP e ) prevents the valvular mechanism becoming operational. There are few investigative or clinical indicators to these pathophysiological subsets, except the experience gained from trial and error with various ventilation techniques. There is no substitute for an expectant policy of gas trapping phenomena developing.
Anticipated predictors of poor outcome from surgery, such as those patients presenting with hypoxaemia and carbon dioxide retention (case No. 5) and those who fail to complete rehabilitation programmes, have in practice proved unreliable. 1 Measurement of intrinsic positive end-expiratory pressure (PEEP i ) is thought to be a predictor of outcome of lung volume reduction. 80 This index of air trapping is a potentially valuable measurement for the anaesthetist in the preoperative assessment of patients, indicating those most likely to suffer if further increases in intrathoracic pressure occur as a result of the anaesthetic process and aiding in decisions of the appropriateness and most therapeutic level of extrinsic PEEP (PEEP e ).
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Pre-induction of anaesthesia
There are no hard and fast rules to premedication. 7 Personal preference remains morphine and atropine premedication, as the antisialogogue element makes insertion of bronchoscopes and tracheal tubes less messy. Steroids and other bronchodilators have commonly been used; supplementation may be regarded as necessary at this phase. 7 Patients should be prepared in the anaesthetic room as for a major case, with good venous access, invasive monitoring of arterial pressure from radial artery cannulation and central venous access. It should be borne in mind that the apices of the lung are vulnerable to needle punctures close to the traditional sites of large vein access and for this reason central venous access is safer from the antecubital fossae rather than neck or subclavicular approaches. With the various forms of lung transplantation, the requirement for cardiopulmonary bypass 18 dictates the level of monitoring but there should be a cautious and conservative attitude to the use of pulmonary flotation catheters, and indications for use are in those with concomitant left ventricular dysfunction 7 79 or in whom pulmonary hypertension is regarded as a potential problem. 5 Pain relief must be optimal as soon as possible as it enables early tracheal extubation and rapid return to self-ventilation, regarded as crucial to the recovery of patients undergoing lung volume reduction. Those with pioneering experience regard it as so vital that extradural catheters are sited under fluoroscopic control to guarantee correct placement. 79 Personal preference is to site the extradural catheter in the seated conscious patient before induction of anaesthesia (case No. 6). High sites (T3-4) are advocated, 79 and with the patient sitting upright, needle insertion is at a comfortable height for the standing operator. At this level, in this position, the spinous processes are almost horizontal, making a midline approach to the extradural space easier. Other groups have found satisfactory analgesia from lumbar-placed catheters 34 after surgery. 5 Most UK units (personal survey) use opioid and low-dose bupivacaine combinations, often with a patient-controlled mode to maintain analgesia during recovery. But it is a measure of how crucial is the extradural to the success of lung volume reduction surgery that some units recommend omitting the opioid component of extradural infusions because of the risk of nausea and vomiting. 79 
Induction of anaesthesia
In 1953, Mushin and Rendell-Baker, 51 reporting on the early experience of anaesthetizing patients with lung cysts, stated: "In these cases the need for inflation of the lungs should be carefully avoided until the chest is opened; relaxants and respiratory depressants are therefore contraindicated during induction of anaesthesia".
Elements of this statement remain true, based as it is on a premise that the safest levels of intrathoracic pressure are those during spontaneous, and unassisted, respiration and close to a negative mean. This concept underpins the general philosophy that patients who have undergone surgery for emphysematous conditions are safest breathing spontaneously as rapidly as possible after the procedure and the trachea should be extubated as early as possible. Neuromuscular blocking agents and respiratory depressant drugs are no longer regarded as contraindicated 7 but in view of the requirement for rapid antagonism, they should be pharmacologically specific and short acting. These enable optimum conditions for intubation with doublelumen tubes and suppress spontaneous respiratory activity, coughing and diaphragmatic activity which interfere with surgery. Atracurium, vecuronium, fentanyl and alfentanil are the current agents of choice, preceded by an induction dose of propofol which, with modern infusor systems, can be continued for maintenance of anaesthesia.
Hasenbos and Gielen 28 recommended a spontaneously breathing induction technique and double-lumen tracheal intubation under sedation and local anaesthetic for cases of giant bullae (case No. 7, fig. 2 ) and Myles and Moloney 53 used the technique to induce anaesthesia in a patient with a large air leak from a bulla. Further increases in the severity of disease of those undergoing operation, however, imply that even a coughing fit, for instance from maladroit administration of local anaesthesia to the larynx and trachea, 7 may precipitate the development of dynamic hyperinflation. Evidence is anecdotal, but the availability of sevoflurane will impact on some traditional reservations against gaseous induction in patients with sensitive and reactive airways. Conditions for safe intubation and positioning of double-lumen tubes can be achieved by induction of anaesthesia with etomidate or propofol, short-acting opioids and non-depolarizing neuromuscular blocking agents, but it is essential that manual ventilation is commenced cautiously, with small tidal volumes, low inspiratory pressures and deliberate prolonged expiratory phases to atmosphere. 5 10 With such manoeuvres, hypoxaemia and hypotension have been avoided during induction of anaesthesia, and although carbon dioxide retention occurs, this is only to levels regarded as permissive. 5 65 The combined use of general anaesthetic and laryngotracheal local anaesthesia for intubation has been advocated and would seem worth considering, particularly for those with coexistent cardiac disease, to suppress the pressor effects of intubation, or in those patients in which isolation of a bulla from the ventilation system is a prerequisite.
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Control of the airway
A form of airway management that separates the lungs is mandatory. This is achieved most easily with a double-lumen tracheal tube but the Univent tube 38 has proved useful. 69 Double-lumen tubes add flexibility; lungs can be collapsed and expanded at will for surgical convenience; in the event of gas exchange problems, recruitment of the other lung is facilitated; and each lung can be ventilated and supported independently. For isolated left-sided lesions, an endobronchial blocker or a right-sided doublelumen tube can be inserted. For bilateral procedures, which encompass most lung volume reduction and sequential single lung transplantations, left-sided tubes should be used as the long main bronchus ensures more reliable lung separation and mitigates for bronchus leaks that impede surgery.
Maintenance of anaesthesia
Of the i.v. agents, propofol is the mostly recently advocated 10 39 supplanting agents such as gamma OH, 28 Althesin 58 and ketamine, 45 which were considered previously to have properties appropriate to the management of these physiologically unstable patients (in a climate where volatile agents were regarded as contraindicated because of effects on hypoxic pulmonary vasoconstriction).
There is no place for nitrous oxide; not only does it transfer into the air filled spaces 21 50 increasing intra-alveolar pressure with consequent effects on pulmonary capillary blood flow, but it also causes an increase in pulmonary vascular resistance. 70 However, volatile agents do have a place. I find them particularly useful when the chest is closed and the operation is ending. Neuromuscular block is antagonized as soon as the chest wall is sealed and the patient allowed to breathe spontaneously with oxygen and either enflurane or isoflurane. If ventilation is judged adequate, based on tidal ventilation, rate and effort, inspired oxygen is reduced gradually by introduction of an increasing concentration of air. In this way the potential for early extubation can be judged. Oxygenation status and haemodynamic variables remain the touchstones when the lungs are not visible. Some carbon dioxide retention causes no harm, providing oxygenation is maintained at safe levels. 5 10 65 79 82 Routine, trusted indicators for fluid management, such as central venous pressure, are likely to be unreliable because of the gas trapping and pulmonary tamponade effect. Damage to the alveolar capillary membrane is likely in lung volume reduction surgery as there is much handling of the lungs. Fluid replacement is best controlled tightly within normal maintenance levels, as for lung transplantation, with predictable causes of hypotension, such as institution of positive pressure ventilation or the effect of local anaesthetic sympathetic blockade, treated cautiously with vasoconstrictors, inotropes and small infusions of colloid. 5 72 
Positive pressure ventilation
A misconception is that any one method of positive pressure ventilation is superior. Such are the pathophysiological variants that no technique is free of a proclivity to produce haemodynamic or barotraumatic complications. 26 Apart from reports of the use of self-ventilation techniques in whole or in part of a surgical procedure, all other commonly used systems have been used with success (table 2) or, it should be remembered, with failure. Essentially, it is not the technique but how and when it is applied, as any technique may be beneficial to the individual or phase of the surgical procedure. 10 79 The basic rule is to avoid application of excessive pressure at any point during a respiratory cycle; pressure is relative in these situations and an excess, by definition, differs from point to point throughout pathological lungs. Therefore, the safest starting point is to use manual inflation applied cautiously and proceed to a mechanical method with a low frequency, low inspiratory pressures (:20 cm H 2 O) and expiration patterns that are without resistance (no PEEP) 7 41 79 and prolonged. 10 Various stratagems can be used to maintain the ventilation pattern within the confines that reduce the potential to gas trapping and dynamic hyperinflation (table 3) . Jet techniques, if not used cautiously, can produce or exacerbate barotrauma, 10 and high frequency ventilation techniques are potentially dangerous because of the likelihood that high, occult PEEP is generated. 23 With an open chest, one if not both lungs can be observed directly and the effects of ventilation assessed. It is vital that any changes in ventilation of the operated lung should be conducted under direct vision, manually, and with caution so that any pressure applied does not exacerbate damage caused by the surgical technique or predisposed by the pathology. The key therefore is flexibility and versatility, and several ventilation modes may be indicated during a case. Thus, in a recent case in a patient undergoing lung reduction via a sternotomy (case No. 6), on occasion, conventional positive pressure was applied using a pressure-limited ventilator or manual inflation applied via a Mapleson D system, and apnoeic oxygenation, in addition to self-ventilation depending on the stages of surgery. On occasion some of these systems were applied by deliberately deflating the bronchial cuff on the double-lumen tube to limit the pressure of ventilation to the other lung by allowing a large leak.
11
Detecting dynamic hyperinflation
An understanding of dynamic hyperinflation is the result of experience of managing asthma in which it is recognized that dysfunctional airways and peribronchial cuffing create conditions for the development of an intrinsic expiratory pressure (auto PEEP or PEEP(i)), the consequences of which are air trapping. 40 62 Preventing compounding of these patho-physiological elements 26 73 by the processes of anaesthesia is dependent on the use of ventilatory patterns similar to those described previously. 67 Deliberate hypoventilation with permissive hypercapnia may be preventive and the treatment of choice in the established state. It is often not difficult to meet oxygen requirements as the large functional residual capacity associated with late-stage emphysema implies that frequent tidal delivery is not necessary.
Such techniques are not failsafe and it is necessary to recognize the early signs in the clinical setting 12 54 63 that warm of potential fatalities 43 52 55 (table 4) . Improvement in any of the signs on disconnection of the ventilator is pathognomic 12 of a tension pneumothorax or of dynamic hyperinflation having a critical effect on cardiac function. 26 This simple manoeuvre may be life-saving until the tension is relieved with intercostal drainage or an appropriate ventilation mode established. 
Intensive care
It is possible to extubate the trachea of a patient who has undergone single lung transplantation at the end of surgery (case No. 8), and it is the norm to do so shortly after lung volume reduction surgery. However, this council of perfection cannot always be met. Single lung transplants characteristically 5 7 37 develop air trapping in the remnant natural lung which causes mediastinal shift and compromises the transplant. In the main, return to self-ventilation facilitates natural adjustments that sustain gas exchange but a few require double-lumen tube intubation and even a period of independent differential lung ventilation before this is possible (case No. 9, figs 3 and 4). For those who have already undergone extubation but are unable to maintain satisfactory blood-gas status, the use of vigorous physiotherapy, minitracheostomy and non-invasive methods of respiratory support should precede elective ventilation, which ultimately is a last resort and is associated with a poor prognosis. The use of Heimlich valves in those with small, but persistent air leaks can enable early discharge from high dependency units to the wards or even home.
Lessons for the non-specialist
As patients with a degree of emphysema are relatively common in the hospital population it is important to recognize the early signs of tension pneumothorax and dynamic hyperinflation. Knowledge of the negative effects on cardiac inotropism of air trapping exacerbated by positive pressure ventilation have been known for a long time. 32 But in the recent literature a few reports have suggested that the consequent dynamic hyperinflation is not as widely recognized as it should be by those involved in administering anaesthesia and resuscitation. 48 52 Signs may masquerade as primary right heart dysfunction or be interpreted as a pulmonary embolus of air, blood or tumour as the pulmonary tamponade acts in a similar way to a tourniquet on the heart. Major, non-thoracic surgery is possible in those significantly compromised by bullae or emphysema. 8 20 36 58 61 Careful attention to detail, the use, whenever possible, of spontaneous ventilation and local anaesthetic techniques, and extradural analgesia during and after operation are key elements to success. The pursuit of normocapnia is a prerogative that can be sacrificed to a moderate degree ( 2 CO a P ഛ12 kPa). 5 9 10 53 65 82 Cannulation of a bulla, either accidental or therapeutic 44 to pre-empt the development of a tension pneumothorax, 20 may lead to the development of an air leak, requiring specialist surgical management and should not be undertaken lightly.
The efficacy of removal of functioning lung tissue in lung volume reduction surgery in improving patients in respiratory failure is a paradox that poses fundamental questions about accepted limits on lung resection and operative tolerability. 80 It is common for these patients to have pulmonary function less than 25% of predicted values. Previous constraints on surgery on grounds of fitness and arbitrary levels of respiratory dysfunction, such as carbon dioxide retention, minimal levels of forced expiratory volumes or maximum breathing capacities that equate with realistic effort required to maintain normocapnia, 11 are no longer tenable without qualification. The important distinction at a clinical level is between surgery that rapidly results in improvement in baseline (before surgery) lung function and improved chest wall dynamics, and that in which further deterioration (from baseline) is inevitable. This separates surgery for respiratory failure (lung transplantation and lung volume reduction surgery) from that for pulmonary resection for bronchogenic tumours and respiratory failure patients undergoing emergency surgery for lesions outside the thoracic cavity. In the latter there is a lag period as a result of a decrease in lung, chest wall and diaphragm compliance, attributable to the multifarious traumas of surgery, before improvement in pulmonary function. In the former, extubation can usually be performed early, while the latter probably requires positive pressure ventilation support after operation for a period until lung function returns to baseline.
Imperatives of the third age of thoracic anaesthesia
Maintenance of functional residual capacity and normocapnia are no longer the main imperatives. Important though these are, it is perhaps ironic that the greatest danger to patients is positive pressure ventilation and volume recruitment, long seen as the salvation for the management of respiratory failure. The breakthrough that has enabled anaesthesia to contribute to the reduction in mortality and morbidity of surgery for respiratory failure is prevention, recognition and treatment of barotrauma and dynamic hyperinflation. figure 3 . A double-lumen tube has been placed in the right main bronchus. Independent lung ventilation has been started and the mediastinum has shifted centrally enabling the transplant to function.
